Several lines of evidence suggest that exploring the neurochemical basis of reward in invertebrate species may provide clues for the fundamental behavioral and neurobiology underpinnings of drug addiction. How the presence of drug-sensitive reward relates to a decrease in drug-seeking behavior and reinstatement of drug-seeking behavior in invertebrate systems is not known. The present study of a conditioned place preference (CPP) paradigm in crayfish (Orconectes rusticus) explores morphine-induced reward, extinction and reinstatement. Repeated intra-circulatory infusions of 2.5 g/g, 5.0 g/g and 10.0 g/g doses of morphine over 5 days serve as a reward when paired with a distinct visual or tactile environment. Morphine-induced CPP was extinguished after repeated saline injections for 5 days in the previously morphine-paired compartment. After the previously established CPP had been eliminated during the extinction phase, morphine-experienced crayfish were challenged with 2.5 g/g, 5.0 g/g and 10.0 g/g, respectively. The priming injections of morphine reinstated CPP in all training doses, suggesting that morphine-induced CPP is unrelenting, and that with time, it can be reinstated by morphine following extinction in an invertebrate model just like in mammals. Together with other recent studies, this work demonstrates the advantage of using crayfish as an invertebrate animal model to investigate the basic biological processes that underline exposure to mammalian drugs of abuse.
Introduction
Exposure to mammalian drugs of abuse causes enduring effects on the brain and behavior. One of such effects is that drugs can alter brain functions, and the resulting drug-associated behaviors can, in turn, be activated and maintained when a particular environmental cue is associated with the effect of the drug. In the absence of the drug, the conditioned stimulus can sustain, and even re-establish drug-seeking behavior [1] [2] [3] . In fact, the drug-related conditioned stimulus could maintain its efficiency for weeks after the initiation of withdrawal in rats [4] . In humans, the unique stimulus could elicit behavioral sensitization resulting in conditioned response despite abstinence from drugs for years [5] . Studies of the relationship between a behavioral response and a drug-related environmental stimulus in vertebrates led to the inference that the attractiveness or the positive valence of the environmental cues can directly induce behavioral sensitization and promote drug-seeking behavior. Whether such generalization can be extended to an invertebrate model of drug addiction is yet to be explored.
The neurochemical systems in behavioral sensitization of vertebrates and invertebrates exhibit many similarities [6] , including the general modes of action [7] , process of activation and inactivation [8] , and the major receptor components [9] that initiate behavioral sensitization [10] . Behavioral sensitization is thought to indicate an escalation of drug craving behavior in mammals [11] . The expression of sensitization in fruit flies provided an opportunity to study the neurobiological underpinnings of behavioral sensitization in an invertebrate species [12] . Fruit flies display remarkable behavioral sensitization such as stereotypic locomotion and akinesia, when exposed to different doses of cocaine [13] . Such behavior is analogous to a prolonged stimulative effect of drugs of abuse in the mammalian brain [14] , indicating that sensitization in fruit flies shares similarities to that of mammals [11] . Interestingly, in both mammals and flies the catecholamine pathway appears to be a neurochemical denominator in behavioral sensitization. For instance, a presynaptic catecholaminergic mechanism modulates the initiation of behavioral sensitization, while post-synaptic elements act in its maintenance, indicating that mammalian drugs of addiction are likely to act on evolutionary conserved brain substrates, and initiate sensitization even in an invertebrate system that is exposed to mammalian drugs of abuse.
Apart from similarities in the neurochemical mechanisms between vertebrates and invertebrates, exploring psychostimulant effects in drosophila indicate that behavioral sensitization depends on interactions between an analog of dopamine (tyramine) [13] , and a member of the circadian gene [15] . Tyramine-a monohydroxyphenol occurs at trace levels in the mammalian brain [16] , and its pharmacological profile in vertebrates resembles amphetamine. Tyramine enhances synaptic catecholamines through inhibition of membrane transporter uptake [17] , and appears to play a vital role in the enhancement of behavioral sensitization to cocaine such that circadian gene regulation, tyramine biosynthesis and behavioral sensitization are firmly coupled in fruit flies [15] . Previous study in mammals revealed the significance of circadian gene regulation for psychostimulant sensitization and, additionally, identified a population of high-affinity tyramine receptors in the ventral tegmental area [18] , a crucial region of dopamine-dominated cell bodies in the mammalian that is considered to be a major part of reward circuit. Despite similarities between invertebrates and vertebrates with respect to the underlying mechanisms of behavioral sensitization during drug addiction, it remains unclear whether a conditioned stimulus can be attractive, salient, and directly induce behavioral sensitization to promote drug-seeking behavior in an invertebrate system. It is also not known whether the elimination of the response-contingent drug could lead to a decrease in drug-seeking behavior in an invertebrate model. Although there are extensive studies on fruit flies, because of their small size, most studies have primarily focused on reflexive motor sequences. Despite the unique neuroanatomical substrates of the land edible snail, it has only been used as a model for exploring reward or punishment [19] .
Recent reports have shown that amphetamine and cocaine serve as a powerful reward in crayfish when paired with a distinct environment [20] . The crayfish has a complex behavioral repertoire [20] , and its neurochemical systems have been well documented [21, 22, 6] . Even more compelling is the fact that crayfish has proven to be a useful model in the exploration of the proximate neural mechanism of behavioral decisions [23] , and neurochemical mechanisms in neuroethological studies [24] , suggesting that crayfish may contribute more as an invertebrate model to explore the neurochemical basis of drug addiction apart from showing reward to psychostimulants. Using crayfish in the present study, we explored the behavioral response and drug-related environmental stimuli to know whether attractive, salient or incentive properties of environmental cues can directly induce behavioral sensitization, promote drug-seeking and if the elimination response-contingent drug can attenuate drug-seeking behavior in an invertebrate system.
A conditioned place preference procedure paired morphine, the unconditioned stimulus, with a distinct visual and tactile environment, to test the rewarding properties of morphine in crayfish. The present study first tested for presence of the CPP, and then explored the time course of the expression of the morphine-induced CPP, as well as movement of crayfish between two compartments over the test session. We subsequently designed additional experiments to determine: (1) whether the CPP could be extinguished by the repeated pairing of both environments with saline and (2) whether, following extinction, the CPP could be reinstated by priming injections of different doses of morphine given prior to the test session. Fig. 1 . Illustration of the experimental arena for the CPP, Extinction and Reinstatements tests. In (A), an aquarium was constructed with Plexiglas. Tiles cut to 5 cm by 11 cm dimensions were placed on the floor. The thick ties represent the hard texture cue. For the soft texture, we used soft woolen materials cut to 5 cm × 11 cm dimensions and glued to the floor of the compartment. The hard texture and soft texture compartments represent the tactile environment. In (B), visual environments were created by maintaining the uniform color of the Plexiglas for the white compartment. For the striped compartment, we lined the inner walls of the compartments with plastic transparencies with continuous and alternating arrays of black or white stripes of about 10 mm wide. Each compartment was divided into two compartments of equal sizes such that distinct visual or textured environments were always present in the opposite compartments.
Materials and methods

Animals
Twenty-one male intermolt male crayfish (Orconectes rusticus) with complete and intact appendages were collected from the Portage River near Bowling Green State University, OH, USA. In the laboratory, the animals were maintained in a big tank of water that is freshly aerated and flows through holding trays. Once in the laboratory, animals were isolated in individual plastic containers and maintained in flow-through holding trays that received freshly filtered/aerated water at 20 ± 1
• C. Crayfish were fed 1-2 times per week with tuna fish, earth worms or rabbit chow, and housed under a 16:8 h light/dark cycle.
Apparatus
The place conditioning apparatus consisted of an opaque white Plexiglas aquarium, measuring 220 mm × 90 mm × 75 mm (length, width and height). Water flowed into and out of the arena through tubes to each end of the aquarium. Four strip lamps with 20 W florescent bulbs were mounted at the sides of the aquarium. A digital camera (Sony DCR-VX1000-NTSC) was mounted above the tank and its image contained the entire aquarium. Two distinctive cues that comprised of textural and visual cues were used as the environmental stimuli in each aquarium. Each aquarium was divided into two equal compartments such that distinct visual or textured environment was always present in the opposite compartment.
The soft texture environment was created by lining the floor of each aquarium compartment with a soft plastic felt material (i.e. soft texture), while the floor of the hard texture environment was lined with smooth, white colored tiles. The uniform color of the Plexiglas was maintained in the walls of the hard and soft texture compartments (Fig. 1A) . The striped environment (Fig. 1B) was created by lining the opaque inner walls with plastic transparencies that contained a continuous array of 10 mm wide alternating black or uniform stripes. The transparencies were positioned vertically to the walls (i.e. striped environment), while the floor was uniform with the color of the Plexiglas. For the uniform environment, the white color of the Plexiglas was maintained, and this made the aquarium to be uniformly white. In all, the combinations of the visual or tactile environment are as follows: (i) tactile environment comprised of soft texture in one compartment and hard texture in the opposite compartment. (ii) Visual environment comprised of striped compartment vs. uniformed compartment.
Surgical protocol
During surgery, animals were anesthetized in crushed ice for about 20 min. A 26.5 gauge needle was used to gently create an incision in the caudal 1/3 of the dorsal carapace, lateral of the midline to avoid damaging the underlying heart. A 15 mm section of deactivated, fine-bore, fused silica (Agilent, i.d. = 250 m) was implanted into the pericardial sinus (allowing 3 mm to enter the sinus), and reinforced with superglue and bonding material. Following successful surgery, animals were allowed to recover overnight.
Injection protocols
During injection, 0.5 m of deactivated, fine-bore, fused silica needle (Agilent, i.d. = 100 m) was coupled to a crayfish with implanted cannula in the pericardial system. The coupling was done using Tygon microbore tubing (Fisher Scientific, i.d. = 250 m). In turn, the tubing was connected to a microdialysis swivel (Intech, 375/25p) that was placed on a small box at the side of the aquarium. Prior to drug administration, we primed the cannula to fill its void volume, to make sure that the drug infusion commences immediately when the pump was turned on. Different doses of morphine (2.5 g/g, 5.0 g/g, and 10.0 g/g of the animal body weight) were dissolved in 125 mM NaCl and administered. The morphine sulphate used in this study was obtained from Sigma (St. Louis, USA). All the doses were expressed as free base concentration of the salt. We administered drugs into the pericardial sinus using a microdialysis pump (CMA/102). For the control condition, 125 mM saline was used. The choice of injecting directly into the pericardial system is because the pericardial organs of crustaceans are primary sites of monoamine release, and any manipulations of amines at that site are delivered to the nerve cord [21] .
Behavioral analysis
To provide a detailed analysis of the spatial activities of crayfish, a video tracking system was used. The system was set to extract the spatial coordinates of crayfish from a single video frame at a temporal resolution of 1/3 Hz. The digital camera (Sony DCR-VX1000) that was mounted on the ceiling recorded the behavioral activities of crayfish. The signal from the camcorder was relayed to a video digitizer on a power Macintosh (81001/100AV) computer. Video tracking was performed using a freeware Java framework for the analysis of behavioral data (available on the Internet at http://caspar.bgsu.edu/∼software/Java/).
Statistical analysis
Pre-conditioning and CPP test outcomes examined the amount of time spent in each compartment. A direct comparison of time spent between the soft or hard texture, and striped or uniform visual compartments were analyzed using the Student's t-test. We considered the repeated measures ANOVA with a between-subjects factor to determine the existence of significant differences between the doses of morphine (2.5 g/g, 5.0 g/g and 10.0 g/g) to analyze the CPP-induced rewarding effect of morphine. ANOVAs (one for each priming dose of morphine) with a between-subjects factor "Groups of CPP, Extinction and Reinstatement" were evaluated to determine the existence of significant differences between groups of the originally established CPP, subsequent induction of extinction and the reinstatement effects of each dose of morphine. Statistically significant effects were followed by Bonferroni post hoc comparisons. In using repeated measures ANOVA, we considered the independence of the groups being compared. We used Mauchly's test to test for sphericity to meet the assumption that the relationships between pairs are equal in parametric test. The normal distribution of all data was tested with the exploratory data analysis (EDA) before use of parametric test. Analyses specific to each experiment are outlined in the appropriate Section 3.
Experimental design/procedure
Spatial characteristics of crayfish
In the preliminary experiments, we explored the spatial activities of crayfish (body weights between 13.5 and 30.3 g) inside the test aquarium. We placed individual crayfish (n = 7 per group) in the aquarium for 2 consecutive days and their spatial characteristics were monitored for 60 min. The amount of time spent in each compartment was monitored and used to assess the spatial activities and the initial unconditioned preferences. In the next set of experiments, the CPP was used to test the rewarding properties of morphine on crayfish. Furthermore, following extinction training, we determined whether an extinguished morphine-induced CPP could be reinstated by priming injections of three different doses of morphine. The experiments consisted of four phases (see Fig. 2 ): spatial characteristics of crayfish activity Fig. 2 . Schematic representation of the experimental design used in the present study. Testing for initial preference was carried out in days 1 and 2. The conditioning consists of 10 alternate days (3-12) of drug and saline injections using the unbiased balanced protocol. During conditioning, the compartment in which morphine was administered was assigned randomly. Crayfish were treated for 10 consecutive days with alternate injections of morphine 2.5 g/g, 5.0 g/g and 10.0 g/g). After conditioning, animals were immediately confined to the conditioning compartment for 25 min. On day 13, the partition separating the compartment was removed, and crayfish were placed at the center and allowed to move freely for 60 min in a drugfree state to test for the expression of CPP. Following conditioning and the initial CPP test, each crayfish was given pairing of saline with each compartment, one per day, for 5 days (days 14-18). Crayfish did not receive morphine during this period. Thereafter, crayfish were given a test for CPP on day 19. The next day (day 20), all crayfish received priming injections of morphine (2.50 g/g, 5.00 g/g and 10.0 g/g) before the final test for CPP, also on day 20.
in the two compartments, acquisition of CPP, extinction of CPP and reinstatement of CPP.
Experiment I: morphine-induced CPP
The place conditioning consisted of three phases: pre-exposures that explore the spatial characteristics of crayfish, the conditioning and the CPP test. The place conditioning used in the experiments has been described previously [19] . Briefly, crayfish were randomly assigned into five groups (n = 7 per group): control, hard texture/morphine, soft texture/morphine, striped/morphine and uniform/morphine. We tested possible pairwise combinations. For instance, in the hard texture/morphine group, crayfish received morphine injection in the hard texture compartment, while in the soft texture compartment the animal received isometric 125 mM saline. A similar procedure was adopted for all other environmental/drug combinations. For the control group, crayfish received saline injections at both the hard and soft texture compartments. The conditioning session commenced when a crayfish was connected to the infusion cannula and placed in the separated visual or texture compartment. The separation was done using a removable Plexiglas enclosure with walls corresponding to the visual or textured compartments. As soon as a crayfish was placed in the aquarium, morphine was infused for the first 5 min of the 30 min session. For 5 consecutive days, each crayfish received two conditioning sessions (1 drug and 1 vehicle injection) per day, separated by 9 h and in randomized order. Control crayfish received 2 vehicle injections per day. The test condition was carried out on day 6, during which we removed the Plexiglas divider and placed each crayfish at the center of the aquarium. The crayfish was allowed free access to the entire aquarium for 60 min. The amount of time spent in each compartment was recorded to assess individual unconditioned preferences. No injections were given on the day of the preference test, thus, maintaining the same procedure as that used during the preliminary baseline test of exploring the spatial activities of crayfish.
Experiment II: extinction by saline pairing
Twenty-four hours after the conditioning and the initial CPP test, crayfish were given extinction training in which saline was paired 5 times with each of the visual or textured compartments, once per day, for 5 days. Morphine was never administered during this period. After extinction training, crayfish were given a CPP test to determine if the extinction procedure abolished the CPP.
Experiment III: priming with morphine and restatement of CPP
The day following the last extinction and CPP test, all the crayfish received priming injections of morphine at all training doses (2.5 g/g, 5.0 g/g and 10.0 g/g body weight). The same dose was used during the conditioning test immediately before the final test for CPP, during which the animals were placed in the center of the aquarium to have access to the entire aquarium for 60 min.
Results
Crayfish without drug treatment display spatial activity in the conditioning aquarium
The spatial activity of crayfish was characterized to determine the natural preference of crayfish before drug treatment in Fig. 3 . The spatial activities of crayfish in three different experiments, following our hypotheses that crayfish will spend equal amount of time in each of the tactile and visual environments. However, it turns out that crayfish showed preference for the uniform compartment following repeated measures of the spatial activities for 1 h each day. During the first day, the mean time preference for the uniform compartment was 59.02% ± 2.34 (S.E.M.) and 40.91 ± 2.33% (S.E.M.) for the striped compartment. The preference was significant (t-test ( = 50.0%); t [6] = 3.76, P = < 0.05). In the second day, crayfish maintained their preference for the uniform compartment (62.91% ±5.2) while 37.07% ±5.28 (S.E.M.) of its time was spent in the striped compartment and 62.91% ±5.2 (S.E.M.) inside the uniform compartment. The preference for the uniform compartment was significant (t-test ( = 50.0%); t [6] = 2.48, P = 0.05). During the CPP test, the preference shifted to the striped environment, though such preference was not significant (t-test ( = 50.0%); t [6] = 0.20, P = 0.84). In the tactile environment, crayfish seem to prefer the soft compartment following two days of repeated measures. The mean time spent in the soft compartment was 52.9% ± 2.71 (S.E.M.) while crayfish spent an average of 47.71 ± 2.85% of its time in the hard textured compartment. The preference for the soft texture compartment was not significant in the first day (t-test ( = 50.0%); t [6] = 0.93, P = 0.38. However, the preference for the soft texture compartment (meantime; 62.29% ± 4.5 S.E.M.) in the second day when compared with the hard compartment (mean; = 37.69 ± 4.53% S.E.M.) was significant (t-test ( = 50.0%); t [6] = 2.66, P = 0.04). During the CPP test, the preference for the soft compartment was maintained, but not statistically significant (t-test ( = 50.0%); t [6] = 0.84, P = 0.043).
the striped or uniform compartments, and soft or hard compartments. Repeated measures of the spatial activity for 1 h during the first day of test revealed that crayfish significantly spent more time in the uniform environment than the striped environment (t-test ( = 50.0%); t [6] = 3.76, P = < 0.05). The preference for the uniform environment was significantly maintained (t-test ( = 50.0%); t [6] = 2.48, P = 0.05) during the second day. In the tactile compartments, crayfish seem to prefer the soft compartment during first day of test (t-test ( = 50.0%); t [6] = 0.93, P = 0.38). Also, during the second day, crayfish showed a significant (t-test ( = 50.0%); t [6] = 2.66, P = 0.04) and stronger preference for the soft compartment. Taken together, these results indicate a crayfish's natural, unconditioned preference for the uniform and soft compartment. Interestingly, the preferences for the soft and uniform compartments were maintained even during the CPP test (Fig. 3) . However, in both cases, the preferences were not statistically significant (texture; t-test ( = 50.0%); t [6] = 0.84, P = 0.043) (visual cues; t-test ( = 50.0%); t [6] = 0.20, P = 0.84). These findings represent an important step in the experimental procedure that avoids any preference bias before conditioning.
Systemic injection of morphine is rewarding to crayfish after 5 days of CPP conditioning and test
The spatial activities of crayfish in the conditioned textured compartment for 5 days indicate a significant environmental preference following treatment with morphine ( Fig. 4A (F [2, 12] = 20.88; P < 0.01). By considering the conditioning doses, crayfish prefer to spend 53.56% (2.5, 0 g/g), 62.55% (5.0 0 g/g) and 69.13% 0 g/g promote spatial activity of 62.55% ± 2.6 (S.E.M.) and 69.13% ± 3.6 respectively, of time preference for the hard textured compartment (F [2, 12] = 20.88; P < 0.01). Post hoc test comparison indicates that crayfish treated with 5.0 g/g and 10.0 g/g (**P < 0.05) were higher and different from crayfish treated with 2.5 g/g of morphine (* P < 0.05) and saline-paired crayfish. (B) Infusions of morphine produced CPP in the visual environment, such that repeated infusions of morphine for 5 days of 2.5 g/g produces 53.79% ± 1.9 (S.E.M.), while 5.0 g/g and 10.0 g/g promote spatial activity of 58.20% ± 2.8 (S.E.M.) and 63.59% ± 2.8 (S.E.M.) respectively of time preference for the striped compartment (F [2, 10] = 13.71; P = < 0.01). Bonferroni post hoc test comparison indicates that morphine-conditioned crayfish (* , **P < 0.05) were different from saline-paired crayfish. Crayfish treated with 5.0 g/g and 10.0 g/g were significantly different (**P < 0.05) from 2.5 g/g (*P < 0.05) treated crayfish.
(10.0 g/g) of their time in exhibiting spatial activities in the hard textured compartment when compared to saline conditioning, such that a conditioned place preference was established. Eta squared, as a measure of effect size, is large (0.78), indicating that the morphine-induced place preference for the hard texture compartment accounted for about 78% of the overall (effect + error) variance. The ANOVA factor demonstrating the morphine conditioning effect on crayfish was high (statistical power; 1−ˇ= 1.00), indicating that morphine-induced CPP can be replicated with a high degree of reliability.
Morphine-induced CPP was apparent in the visual environment such that following 5 days of morphine treatments, 2.5 g/g of morphine produces 53.79% ± 1.9 (S.E.M.), while 5.0 g/g and 10.0 g/g promote spatial activity of 58.20% ± 2.8 (SEM), and 63.59% ± 2.8 (S.E.M.), respectively of time preference for the striped compartment. Morphine conditioning effects were evident when crayfish that were treated with morphine were paired with the naturally unpreferred striped environment. The effect was significant (ANOVA (F [2, 10] = 13.71; P = 0.002), reflecting a greater amount of time being spent in the morphine-paired striped compartment in all doses than the vehicle-paired compartment. The effect of size was large. Eta squared was again large at 0.70, which means that morphine-induced CPP preference for the striped compartment accounted for about 70% of the overall variance. The ANOVA factor demonstrating the morphine-induced CPP in crayfish was very strong (statistical power; 1−ˇ= 0.97), indicating that such effect can be reproduced with a high degree of consistency.
Vehicle treated-crayfish exhibited a natural preference for the soft texture compartment. For instance, vehicle treated crayfish for the 2.5 g/g, 5.0 g/g and 10.0 g/g morphine treatment groups, showed a preference of 56.00% ± 5.3 (S.E.M.), 55.82% ± 2.4 (S.E.M.) and 56.78% ± 2.7 (S.E.M.) of total time. In the visual environment, at 2.5 g/g, 5.0 g/g and 10.0 g/g of morphine treatments, vehicle treated crayfish spent 51.82% ± 2.1 (S.E.M.), 59.75% ± 3.4 (S.E.M.) and 59.48% ± 2.4 (S.E.M.) of their total time in the uniform compartment.
Extinction by saline paring abolishes CPP while priming with morphine reinstates CPP
For the extinction training, we repeatedly presented crayfish with conditioned stimulus, that is, the visual or tactile environment in the absence of the unconditioned stimulus by paring saline with each of the two different conditioning compartments. In the tactile environment, times spent by crayfish during the test for CPP, extinction and priming by injections of morphine for reinstatement are shown in Fig. 5 . The main effects of doses were significant (e.g. 2.5 g/g; F [2, 13] = 7.21; P = 0.008) (5. 0 g/g; F [2, 14] = 7.39; P = 0.006.) and 10.0 g/g; (F [1, 9] = 18.08; P = 0.001) for CPP given before, after extinction and during reinstatement trainings in the hard texture compartment. These results indicate that during the CPP test, before extinction training, crayfish in all groups of dose paring, spent a greater amount of their time in the morphine-paired compartment than in saline-paired compartment (2.5 g/g; * , P < 0.01). Following extinction training, the paring of saline with each of the two different conditioning compartments in the textured compartments leads to a decline in behavioral significance of the drug-related stimuli, due to less time being spent in the previously morphine rewarding compartment. Interestingly, none of the groups did time spent in morphine and saline-paired compartments differ (P < 0.05). The CPP test for reinstatement reveals a significant effect (* , **P < 0.05), resulting in a greater amount of time spent in the morphine-paired compartment after priming injections of 2.5 g/g, 5.0 g/g and 10.0 g/g doses when compared to time spent during CPP after extinction training.
Morphine-induced CPP was rendered in crayfish and then extinguished after repeated saline injections for 5 days, in the previously morphine-paired striped compartment (Fig. 6) . ANOVA reveals significant differences at all doses tested (2.5 g/g; F [2, 10] = 11.81; P = 0.003), 5. 0 g/g (F [2, 12] = 10.58; P = 0.002.) and 10.0 g/g (F [2, 14] = 11.90; P = 0.001). Prior to extinction, crayfish spent a greater amount of time in the morphine-paired compartment than salinepaired compartment (2.5 g/g; * , P < 0.01), and the preference decreased following extinction training (P < 0.05). Following the extinction phase, morphine-experienced crayfish were challenged with all doses of morphine. Priming injections of morphine result in crayfish spending a greater amount of time in the morphinepaired compartment at 2.5 g/g (**P < 0.05), 5.0 g/g(**P < 0.05) and 10.0 g/g (*P < 0.05. The amount of time spent during reinstatements were significantly higher (P < 0.05), when compared with the amount of time spent during extinction training.
Morphine enhances locomotion at lower dose and decreases locomotion at higher dose in crayfish
In order to determine the effect of morphine on locomotion, we evaluated locomotion behavior during the CPP morphine-induced reward in all doses. In the texture compartment, injections of morphine significantly increased locomotion (F [5, 41] = 2.5; P = 0.05; Fig. 7a ) when compared with saline injections. Post hoc comparison confirmed that locomotion behavior of crayfish was highest at 2.5 g, and reduces with increase in doses of morphine 5.0 g/g (*P < 0.05) 10.0 g (**P < 0.05). Fig. 7b indicates that although locomotion was highest at 2.5 g/g and 5.0 g/g doses, when compared with 10.0 g/g dose in the visual environment. However, such effect was not significant (F [5, 41] = 0.93; P = 0.47). 
Discussion
Four major findings arise from the experiments in this study. First, we found that morphine-induced CPP was established in crayfish in two contrasting environmental cues (texture and visual stimuli). Second, the established CPP was extinguished by explicit pairing of two environments in both the visual and textured cues with injections of saline alone. Third, we found that after extinction, a priming of injections of morphine at all doses reinstated the morphine-induced CPP in crayfish. Finally, and very interesting, during morphine-induced CPP, locomotion decreased with an increase in the dose of morphine that was repeatedly administered in both the textured and visual cues. Taken together, these results suggest that crayfish may represent an efficient model for studying Fig. 7 . Locomotion responses of crayfish pretreated with 2.5 g/g, 5.0 g/g and 10.0 g/g doses of morphine (n = 7) or saline (n = 7) during CPP test in the textured and visual compartments. Data are expressed as mean traveled distances (pixels) within the test textured or visual compartments. In the textured compartment, ANOVA reveals that injection of morphine significantly (F [5, 41] = 2.5; P = 0.05) increased locomotion when compared with saline injection. Locomotion was high at 2.5 g/g and 5.0 g/g doses; *P < 0.05, and low 10.0 g/g dose of morphine (**P < 0.05). Whereas in the visual compartment, although locomotion was higher at lower doses of 2.5 g and 5.0 g/g when compared with high dose of 10.0 g/g, however, such effect was not statistically significant (F [5, 41] = 0.93; P = 0.47).
the primary sites of morphine-an opioid to explore the proximate mechanisms and fundamental neurobiological alterations that underlie drug addiction in an invertebrate model.
Regardless of dose, morphine was perceived as rewarding by the crayfish when paired with a distinct visual or tactile environment. A morphine-induced CPP was established at 2.5 g/g and significantly lower when compared with 5.0 g/g and 10.0 g/g doses of morphine. Although, there was no statistical significant difference between CPP induced at 5.0 g/g and 10.0 g/g in the visual and tactile environments, however, a morphine-induced CPP was established at all training doses because there was tendency for a greater preference of the morphine-paired compartment at higher doses (see Fig. 4A and B) . It has been shown that psychostimulants are capable of interfering with the monoamine chemistry and induce reward in crayfish when exposed to a distinct visual environment [20] . Similarly, in the present study, morphine, a mammalian drug of abuse, is rewarding to crayfish when exposed to a distinct visual and tactile environment. Taking results from a previous study [20] and those of the present study together, crayfish as a model of drug addiction illustrate the conceptual validity of the sensitivity and rewarding properties of mammalian drugs of abuse to an invertebrate system, which unlike mammals exhibits simple neuronal organization.
It is interesting to note that in our studies, morphine-induced CPP was established only in the hard texture compartment and not in the soft texture compartment. In the visual environment, crayfish only formed reward when morphine treatment was paired with the striped environment. These findings indicate that the hard texture environment was novel when compared to the soft texture environment, or that the striped environment was novel to crayfish when compared with the uniform environment. The preference for the striped environment could be attributed to the inherent perceptual saliency of the striped environment [20] . This is because the visual system of crayfish is particularly proficient in extracting vertical oriented contrast information [25] . In their natural environment, crayfish hide under hard structures, such as a rock for protection [26] . It is possible that crayfish might have explored and perceived the hard texture to be relatively attractive when compared with the soft and uniform environments, suggesting that stimulus salience when paired with drugs indicates the significance or noticeability of the hard texture or striped visual environment as novel by crayfish.
Extinction training by repeated pairings of the two environments in the tactile and visual environments with saline alone for 5 days led to reduction in already established CPP, indicating that paring with saline without the drug provides measures of the incentive or motivational properties of morphine in crayfish. That being the case, the reduction in drug-seeking behavior in the absence of response-contingent drug availability probably led to the observed decline in the significance of the drug-paired stimuli in crayfish.
The present study also demonstrated that, following a priming of injection, CPP was again re-established at all training doses, such that crayfish again approached and remained in the presence of a hard texture-drug and striped-drug stimuli. This finding indicates the renewal of incentive saliency and attractiveness of the visual and tactile stimuli by the presence of morphine. In mammals for example, morphine increases craving for drugs in drug-free addicts associated with drug stimuli, and reinstate drug-seeking after prolonged periods of extinction in morphine-experienced conditions [27, 28] . Similar to mammals, the behavior of crayfish in re-approaching and showing preference for the hard texture and striped stimuli following the priming injections of morphine seems to be determined by drug-related stimuli, and the priming of injections probably increase the salience, attractiveness, or even the positive valence of the stripped or hard texture cue. It is possible that the reinstating properties of morphine in crayfish could be as a result of the hedonic properties of drugs of abuse, which in mammals, produce an incentive motivational state in addicts, and promote drug craving that leads an addict to search for those environmental stimuli that are associated with the presence of the drug. The fact that crayfish was sensitive to incentive properties of the conditioned stimuli when re-instated with morphine and paired to a distinct visual or tactile environment supports our idea, and suggests that potential and even unanticipated hypotheses in drug addiction can emerge from studies of addiction in an invertebrate system such as crayfish.
Interpretations of crayfish morphine-induced reward or reinstatement of CPP after extinction maybe has evolutionary explanations. In mammals, all neurochemical processes of druginduced reward process is generally hinged on the dopaminergic system [14, [29] [30] [31] 33, 34] . The association of motivation salience to morphine rewarding is evidence in recent hypotheses of dopamine functions in regulating motivational-affective responses [32, 33] , reward-related stimuli [36] , in learning process [37, 38] , or even in the Pavlovian mechanism of a cues attractiveness. The dopamine is a neurochemical signal that is conserved and shared across all mammals and non mammalian species [39, 40] . For instance, in invertebrate models of drug addiction including bees [40] , arthropods [41] and specifically in crayfish [21] , which is the focus of the present study. The fact that morphine is rewarding to an invertebrate system with simple neuronal organization, indicates that mammalian drugs of addiction are likely to act on evolutionary conserved brain substrates to initiate reward beyond those peculiar to humans.
The different doses of morphine when paired with distinct environmental cues seem to have strengthened the expression of behavioral sensitization in crayfish. This is evidence in more time being spent in previously drug-paired compartments in animals tested for extinction, and this as well supports the idea that the reinstating effect led to the development of sensitization. Behavioral sensitization to opiates is a consequence of repeated drug administration that results in augmentation of the behavioral effects of opiate upon re-administration [42, 43] . For this reason, behavioral response of crayfish to morphine could be attributed not only to a direct pharmacological effect of the drug but also to learned associations of the distinct visual and tactile stimuli with the drug rewarding experience. The inhibition of such situational associations between drug-taking and environmental cues of the tactile and visual compartments during the 5 days of extinction training with saline seem to attenuate behavioral sensitization in crayfish. Taken together, our data suggest that the link between environmental cues and behavioral sensitization in relapse to opiate dependence following extinction of morphine conditioned place preference that has been established in different studies in mammals [35, 36, [44] [45] [46] [47] , is also present in crayfish.
The repeated administration of morphine at a lower dose increased locomotion while repeated treatments of crayfish at a higher dose suppressed locomotion. In fact, opioids in mammals, depending on dose and time protocols, may induce both reduction and enhancement of locomotor activity [48, 49] . In crayfish, multiple administration of morphine seemed to develop behavioral sensitization, manifested in enhancing locomotion behavior at 2.5 g/g. Instead of behavioral sensitization, the multiple effects of higher doses of 5.0 g/g and 10.0 g/g seem to suppress locomotion activity in crayfish, and its effects on locomotion develop tolerance after repeated administration. Therefore, instead of behavioral sensitization, morphine seems to dose-dependently block the development, interrupt the transfer and suppress the expression of behavioral sensitization to morphine following repeated administration of higher doses. This may be a distinct characteristic of morphine on locomotion in crayfish that could be explored further.
In conclusion, the nervous system of crayfish contains less than 1000 large and accessible monoamine-containing neurons [21] . Crayfish has a dopaminergic system of 30-35 somata located in the brain, 25-30 of the dopamine neurons are located in the suboesophageal ganglion [21] . In exploiting the simplicity of the neuronal organization in crayfish, we have demonstrated that crayfish with simple neural and neuromodulatory organization may thus represent an efficient model for studying the fundamental behavioral and neurobiology underpinnings of drug addiction, relating to decrease in drug-seeking behavior with extinction of drugassociated stimuli, and reinstatement of drug-seeking behavior.
